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investigation

S’uMMAm’

hasbeenmadeintheLangleyg-inchsupersonictun-
neltodeterminetheeffectsofvaryingReynoldsmmiberat eachof three
Machnumibersuponthewavedragof sevenboattailbodiesofrevolution
designedforminimmwavedragaccordingtothemethodpresentedinNACA
TN 25500 Thetestscovereda Reynoldsmmiberrangefroma~roximately
2.0x 106to10.0x 106at eachof threeMachnunibers,1.62, 1.93, and
2.41. Theresultsshowthattherewaslittlevariationtithepressure
distributionwithReynoldsnumber.Theexpertientalwave-dragcoeffi-
cientswereIessthsmthetheoreticalvaluesandthediscrepancybetween
experimentandtheoryincreasedwithincreasinglkchnuniber,whereas
theorypredictsnovariationofwavedragwithWch nuntmr.Froma
simpleanalysis,it isseenthatthemethodofNACATN 2550is inadequate
fordeterminingtheshapesofboattailbodiesforminimumdrag,at least
forfinenessratiosandMachnumbersofpracticalinterest.Howeverjthe
bodiesofNACATN 25X hadrelativelylowexperimentalwavedragas com-
paredwithotherboattailbodyshqes.

INTRODUCTION

Theshapesof certainboattiilbodies
minimumwavedragweredeterminedby Adams

—

ofrevolutionsaidtohave
inreference1 by useof the

linearizedtheofiforslenderbodiesofrevolution.Thepropertiesof
threespecificfamiliesofbodiesweredeterminedandthesecondfamily,
havingfixedlength,basearea,andmaximumarea,witha finenessratio
of 8, wasfoundtohavetheleastdrag.Forthisreasonthesecondfamily
ofbodieswasselectedtobe investigated.

——.—-.—. —— .—.
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h an effortto checkexperimentallythetheoryofAdams(ref.
investi~tionwasconductedintheLangley9-inch supersonictunnel
thezero-lil%wave-dragcharacteristicsof sevenboattailbodiesof

3054

1) an
of
revo-

lutionha?dnga ratioofbaseareatomxinmmareaflromabout0.1to 1.0.
Themeasurementsticludedthevariationofthepressuredistributionand

wavedragovera Reynoldsnumberrangeofa~rox3mately2.0x 106to

10.OX 106at eachofthreellachnudmrs,1.62, 1.93, and2.41.
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Xp distance

Y ratioof

fromnoseofmodel

specificheatsfor

3

inbodylengths

air (1.4)

APPM?fYI’us

WindTunnel

TheLangleyg-inchsupersonictunnelisa continuous-operation,
closed-circuittunnelinwhichthepressure,temperature,andhmnidi~
oftheenclosedaircanbe regulated.DifferenttestMachnumbersare
providedby interchangeablenozzleblockswhichformtestsectionsapproxi-
mately9 inchessqzsre.Elevenfine-meshturbulence-dsmpingscreensare
installedintherelativelylarge-areasettlingchaniberaheadofthesuper-
sonicnozzle.Theturbulencelevelofthetunnelisco~ider~ low,based
onpastturbulence-lemlmeasurements.A schUerenopticslsystemis
providedforqualitativeflowobservations.

Models

A drawing’illustrat@theconstructiondetailsof themodelsand
givingthepertinentdimensionsisshowninfigure1 anda photographof
themodelsisshownas figure2. Thesevenbodyshapesweredetermined
fromthefollowinggenerslequation:

S(x’) + -x’z+~ (x’ ‘c)2~ogN+zcOS-l(-@)

-e’
where

S(x’ ) r(x1)2nondimensionalbody-cross-sectionalarea, m —
(1/2)2

B1 body-baseareadividedby (2/2)2

~t distancemadenondimensionalwithrespedtto 2/2 and
measuredalongbodyaxisfrommidpointofbody

. ——.._—_—______ — — —— ——. ———-—
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c distance,dividedby Z/2,frommidpointofbodytolocation
ofmaximumdiameter

N= l-=’ -G’G2
lx’ -CJ

Themodelsvaryinratioofbaseareatomximumareatiomapproximately
0.1to1.0andallmodelshavea finenessratioof 8. Thenmdelswere
madeof stainlesssteelandatthebeginningofeachrunthemcdelwas
polishedwitha metalpolishandcarefullywipedwitha chamoistopre-
servea uniformityofsurfaceconditionsdurtigthetests.Thesurface
roughnessofthemodelswasabout8 root-mean-squaremicroinches.Twenty
orificeswereevenlyspacedalongthelengthofeachmodel.Theorifice
lead+mibeswereconductedoutoftherearofthemodelwithinthehollow
stingsupportof eachmodel.Themodelsandtheirstingswerethenfilled
witha sealingmaterialtopreventanyleakage.

TESTS

Ml testswereconductedatlkchnumbersof1.62, 1.93, and2.41
andovera Reynoldsnumberrangeofapproximately2.0x ld to 10.0X 106
at eachMachnrmiber.Throughouttheteststhedewpointwaskeptsuffi-
cientlylowto insurenegligibleeffectsof condensation.A condition
of zeropitchandyawwithrespectto thetunnelsidewallsandcenter
line,respectively,wasmaintainedas closelyaspossible.Pressure-
distributionmeasurementsweremadeoverthesevenmodelsalongthepitch
meridianplane.Opticalmeanswereemployedto checkmodelyawandmodel
pitch.Pressuremeasurementsweremadealongonemeridianplaneonly
sinceithasbeenfoundthatflowdeviationswithinthetestsectionof
thetunnelaresmall.Throughoutthetestprogramthemodelswereunder
schlierenobservation.

REDUCTIONOFDA!I!A

Allexpertientalpressuredatahavebeencorrectedtoaccountfor
thestaticpressuredistributionalongthecenterlineofthetunneltest
sectionasmeasuredinthepitchandyawmeridianplanesona long3/8-@h-
diametercylinderha-g a slend=ogivalnose. Thesemeasurementscovered
therangeoflhchnmiberandReynoldsnumberofthepresenttests.h
termsofdragcoefficient,themaximumbuoyancycorrectionforw conibi-
nationofMachnuuiberandReynoldsnumberwasabout0.007,theaverage
correctionbeingabout0.003orlessat M = 1.62 and1.93 andabout
0.002at M= 2.41.
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PREXSIONOFDATA

Allmodelswerendntainedtowithin*O.15° of zeropitchandyaw
withrespecttothetunnelsidewallsandcenterline,respectively.
Theestimatedaccuraciesofthetestvariablesandthemeasuredcoeffi-
cientsaregivenfora tunuelstagnationpressureof 30in.Hg corres-
pondingto a Re~oldsn~ber of approximately2.5x 106:

Machntier,M. . . . . . . . . . . . . . . . . . . . . . . . . .tO.01
Reynoldsnumber,R. . . . . . . . . . . . . . . .iO.004X @ per inch
Pressurecoefficient,P.. . . . . . . . . . . . . . . . . ..*O.002
Wave-dragcoefficient,C% . . . . . . . . . . . . . . . . . . . fO.002

RESULTSANDDISCUSSION

PressureDistributions

Theresultsofthepressure-distributionmeasurementsarepresented
infigure3. W general,it isseenthatthepressuredistributionsvary
littlewithReynoldsnumber.Figure3 indicatesa noticeablepositive
pressuregradientovertherearofthebodieswhichappearstobeginjust
behind
moving
of the

themaximumthickness;consequently,as B/& increases(k
towardthebase),thispressuregradientcoversa amdlerpercentage
afterbodyuntilat B/~ = 1 itiscompletelyeliminated.

WaveDrag

Thevaluesofwave-dragcoefficient~ arepresentedinfigure4
as a functionofReynoldsnumberforthethreel&chnumbers.Thesevalues
of ~ wereobtainedfromgraphicalintegrationsofthepressuredistri-
butions. b general,thevariationofwavedragwithReynoldsntier for
allmodelsatMachnumbers1.62 and1.93 issmall..Thevariationat
M = 2.41 isnotas systematicas thevariationalM= 1.62 and1.93
butconformsgenerallytothevariationat M = 1.62 ad 1.93.

h figure~ thevaluesofthewave-dragparameterarepresented
asa functionof theratioofbaseareato /maximumarea B k for
severalReynoldsnunibersat eachIkchnumber.Includedforcomparison
isthetheorygivenbythemethcdofAdams(ref.1). Thereisa dis-
crepancybetweeneqertientandtheorywhichbecomesgreaterasMachnum-
berincreasesandat M = 2.41 theexperhentalvsluescanbe asmuch
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as 45 percentlowerthanthetheoreticalvalues.Therefore,although
thetheorypredictsnovariationinwavedragwithMachnuder,these
resultsshowa Machntier effectthatisknownto existforslenderbodies
ofrevolutionwhicharenotdesignedforminimumwavedrag. Althoughthe
bodyshapespredictedby ref&ence1 appeartogiverelativelylowwave
dragas comparedwithotherbodyshapes,thetheoreticalpredictionof
thedragfortheseb-es fkomthesamereferenceisinade~te.

Becauseofthelsrgeinadequacyofthetheoreticalwave-dragpre-
dictionofreference1 a briefexaminationwasmadeofthistheory.
Severalvaluesofthetheoreticalwave-dragparametercalculatedby the
methodofLighthill(ref.2)andthemethodof characteristicsfortwo
parabolicbodiesofrevolutionarepresentedinfigure6 withthetheory
ofreference1 includedforcomparison.ThemethodofLighthill(ref.2)
wasselectedforcomparisonwiththemethodofreference1 sincerefer-
ence2 utilizesthesamebasicequationthatreference1 usedinitially.
Theftistpsrabolicbodyofrevolutionisonehqing thesamebasearea,
msximumsrea,andlengthasmodel3 usedinthisinvestigation.The
theoreticalwavedragforthisbodyiscalculatedby thetheorygiven
by themethodofLighthill(ref.2)atMachnunibersof 2 and4. It is
seenthatat M = 2 the C& valuecalculatedfortheparabolicbody
isapproximately1 percentlowerthanthatforthesupposedlyminimum-
dragbodyofreference1 andat M= 4 the ~ valuecalculatedfor
theparabolicbodyisapproximately26 percentlowerthanthatforthe
minimum-dragbodyofreference1. Thesecondparabolicbodyofrevolu-
tion(NACARM-1O)is OIE which has beenemployedinmanypreviousinves-
tigationsandhasa finenessratioof12.2. Thetheoretical.wavedrag
forthisbodyis calculatedby themethodof LighthXE1.(ref.2) andby
themethodof characteristicsatbh numbers2 snd4. Itis seenthat
forthisbodythecalculated

%
valuesarestilJ_lowerthanthevalues

predictedbythetheoryofreference1. ltrcuntheforegoingdiscussion,
it isobviousthatthetheorypresentedinreference1 isinadeqwtefor
predictingtheshapesofboattailbodiesofrevolutiondesignedformini-
mmnwavedrag,atleastforfinenessratiosandMachnumbersofpractical
interest.Furthermore,itwasfoundinthepreliminarycalculationsfor
thisinvestigationthattheequationfordragas~zed inreference1
(eq.(19),ref.1) canproducenegativehag valuesandhencecanhave
nominimum.

CONCLUSIONS

An investigationhasbeenconductedintheLangley9-inchsupersonic
tunneltodeterminetheeffectofvaryingReynoldsnumberandMachnum-
beron thewavedragat zeroliftforsevenboattailbodiesofrevolution
designedformtninmnwavedragaccordingto themethodpresentedin

—
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NACATN 2550. Thetestscovereda Reynoldsnmiberrangeofapproxhately
2.0x 106to 10.0x 106at eachofthreeMachnumbers,1.62, 1.93, and2.41,
Thefollowing conclusions are indicated:

1. There was little variationinthepressuredistributionwith
Reynoldsnumber.

2. Theexperimen~wave-dragcoefficientswerelessthanthetheo-
reticalvalues.ThediscrepancyincreasedwithMachnunibertoa value
as greatas45 percentofthetheoreticaldrag,whereasthetheorypre-
dictsnovariationwithMachnuniber.

3. Accordingto both them”thod of Lighthill (R. &M. liQ. 2003) and
the methodof characteristics, certati boattail bodies havelower theo-
retical drags thanthe bodies whoseshapesanddragswerefoundby the
methodofNACATN 2550. Thus,thetheoryofNACATN 2550isinadequate
fordeterminingtheshapesofboattailbodiesforminimumdrag,atleast

‘ forfinenessratiosandMachnumbersofpracticalinterest.However,
thebodiesofNACATN 25>0hadrelativelylowexperimental.wave~w ~
comparedwithotherboattailbodyshapes.

LangleyAeronauticalLaboratory,
NationslAdvisoryCommitteeforAeronautics,

~ey~eld, Vs.,July2,1953.

1. AaEm3,Mac c.: Determinationof ShapesofBoattailBodiesofRevolu-
tionforMnimumWaveDrag. NACATN2550,1%1.

2. Li$hthill,M. J.: SupersonicFlowPastBodiesofRevolution.R.& M.
No.-2OO3,BritishA.R.C.,1945.
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